Because of successes in advancing smart materials and adaptive structures, there is a growing interest in "morphing aircraft" that can substantially change their shape during flight to perform in highly dissimilar flight conditions with high efficiency.
Important for investigating morphing aircraft is determining which geometric features should be changed and how much these features should be changed. To this end, the "morphing as an independent variable" approach presents a framework in which these questions could be answered. In this paper, an optimization technique is applied to the optimal sizing of a morphing aircraft to demonstrate the morphing as an independent variable approach. For the design mission used in these studies, a morphing aircraft design was found that could complete the mission at a lower takeoff gross weight than a fixed-geometry aircraft, indicating that morphing provides a benefit. The design mission, the morphing as an independent variable approach, and important features of the morphing aircraft sizing code are presented. The use of a genetic algorithm as the search method is discussed. The resulting morphing aircraft description is also examined. Based on this study, some recommendations about future work for conceptual design of morphing aircraft are presented before conclusions about this study. 
NOMENCLATURE

INTRODUCTION
Recent advances in adaptive structures and smart materials have created a great deal of interest in aircraft applications of these technologies. One of the more intriguing applications is a "morphing aircraft" that could change its shape during flight to efficiently perform multiple, dissimilar tasks. Several research programs are underway to help mature morphing technologies such as hinge-less control surfaces, variable wing twist, and seamless variable camber. 1, 2 NASA's Aircraft Morphing Program 3,4 and DARPA's Morphing Aircraft Structures program 5, 6 are examples of larger coordinated efforts to develop morphing aircraft. However, device development alone is not sufficient to ensure that morphing is used to its fullest potential. NASA Researchers in the Aircraft Morphing Program noted, "Work must be carefully aimed at highimpact applications, not only to justify long term investment in the program, but also to assure the ultimate usability of the technological product of this work." American Institute of Aeronautics and Astronautics aircraft as a system. The basic idea is to pose the morphing aircraft problem as an optimization problem to minimize the takeoff gross weight (or, maximize endurance time, maximize dash Mach number, etc.) of an aircraft that is sized to complete a design mission and meet performance constraints.
By including morphing variables that describe the aircraft's geometry for each mission segment, the aircraft's weight, size and performance are functions of morphing; hence the "morphing as an independent variable" title. The solution obtained to this problem can then be used to identify the morphing features of the aircraft.
Traditionally, aircraft sizing during conceptual design uses a small number of variables (for example, Raymer's "basic six" 7 ) to represent the aircraft. Then, a sizing code predicts the weight, size and performance of the aircraft as a function of the basic variables. Typically, trade studies (often using a carpet plot) try to find the combination of variables that result in an aircraft that meets all mission requirements at the lowest takeoff gross weight.
Using "morphing" variables allows the size, weight, and performance predictions to be made as functions of morphing, so a geometry variable is used for each segment of the aircraft's design mission. This greatly increases the number of design variables above that of a simple sizing problem, meaning that an optimization technique is needed to find the combination of variables that meet all mission requirements at the lowest W TO . Table 1 presents the set of basic sizing variables and corresponding morphing variables that were used in the study described in this paper; most describe wing geometry. Thrust-to-weight is included as a variable because, while the engine does not morph, an aircraft with a morphing wing could complete a given mission with a smaller engine than a corresponding fixed geometry aircraft. This would provide additional system-level benefit of morphing. 
Upon obtaining a solution to the aircraft optimization problem, the morphing variables can be examined.
For example, if (W/S) TOL , (W/S) cr1 , (W/S) loiter , etc. are all equal, there is no need for morphing the area. Similarly, if there is a wide range across these area-morphing variables, then significant shape change needed. If a small range is found, then small shape change is needed. In this manner, the optimal morphing aircraft design provides direction to help select the appropriate morphing technology or actuator and to set displacement requirements for the device.
INITIAL INVESTIGATIONS
Reference 8 presents details of initial work to evaluate the impact of morphing geometry on the aircraft system. For these initial investigations, an existing sizing code was desired to provide the function evaluation for this morphing as an independent variable optimization problem. However, most existing aircraft sizing codes follow traditional aircraft sizing practice, which does not include morphing in the context of significant shape change during flight. At best, these sizing codes might allow for variable sweep wings and an increase in C L max at takeoff and landing as "morphing" features. Because of this, significant amount of effort has been used to develop a sizing code that can address geometry changes like those represented by the morphing variables in Table 1 .
MORPHING WING WEIGHT PREDICTION
One important component of developing a sizing code for morphing aircraft is the prediction of the empty weight of the aircraft. Given that the current problem statement examines geometric changes to the wing, the prediction of the wing weight is critical to this process. Traditionally, empty weight prediction relies upon empirically based equations in the early phases of design. These equations reflect structural concerns by having a form based upon bending and or stiffness formulae developed as functions of wing parameters and attempt to address secondary structure and nonstructural concerns by assigning coefficients and exponents based upon curve fits of existing aircraft wings. No empirical database exists for morphing wings, but the traditional parametric weight prediction method is still desired. For this work, the General Dynamics transport wing weight predictor presented in Roskam's Aircraft Design series is employed. (1) This equation was selected because it allowed prediction of "reasonable" wing weights over a significant change in aspect ratio. The accuracy of this American Institute of Aeronautics and Astronautics prediction for a morphing wing is probably low, but a representative trend is needed. With the lack of a better alternative for the current effort, this method appears sufficient. The wing weight is predicted for each mission segment and the largest weight prediction is used as the wing's weight.
The weight estimation also includes an approximation of the morphing mechanism weight. Currently, this strategy adds five pounds per square foot of wing area change; this value is somewhat arbitrary, but is close to the weight associated with conventional high-lift devices. For example, if the largest wing area during the entire mission is 250 ft 2 , and the smallest wing area during the entire mission is 150 ft 2 , then the morphing mechanism is assumed to weigh 500 lb.
MORPHING AIRCRAFT DESIGN MISSION
The current investigations of this approach have used a design mission that is based upon the mission development work conducted during the first year of this research effort. 9 This mission is presented graphically in Figure 1 . It combines a high-altitude endurance and a low-altitude, high-speed dash to present a set of dissimilar mission roles. The takeoff field length was limited to 5,500 feet or less. The altitudes, ranges, and performance requirements were determined experimentally, by attempting to size a fixed geometry aircraft to complete the mission; the intent was to pose a mission with a small feasible design space for a fixed geometry aircraft. The morphing as an independent variable strategy would then indicate benefits of a morphing aircraft compared to the fixed geometry aircraft. To begin investigation of the morphing as an independent variable approach, a "baseline" fixed geometry aircraft was sized for this mission using a carpet plot approach (a common graphical optimization technique used during aircraft conceptual design. This aircraft was the lowest weight aircraft that could perform the mission and meet all the performance constraints. Then, morphing was applied to individual features during individual mission segments in a one-ata-time investigation (e.g. the wing sweep was increased during the dash segment only) and carpet plots were constructed for these morphing aircraft.
Some of these individual shape changes resulted in morphing aircraft whose predicted takeoff weight was lower than that of the fixed-geometry aircraft. Reference 8 presents details of these early studies. Because changing only one morphing variable showed promise in reducing W TO , it seemed logical that a combination of changes over the entire mission would provide even lower takeoff gross weight. However, attempting to investigate all of the possible combinations of morphing variables via a carpet plot approach is impractical. Instead, an optimization technique would search for the combination of morphing variables that provide the lowest takeoff gross weight.
OPTIMIZATION STUDIES FOR A MORPHING AIRCRAFT
For the optimization studies of morphing as an independent variable, the basic problem matches that used in the earlier investigations. The takeoff gross weight is to be minimized for an aircraft to complete the mission presented in Figure 1 . Constraints are imposed upon takeoff field length (≤ 5,500 ft), dash Mach number (≥ 0.875), and cruise and loiter altitudes (≥ 41,500 ft). The altitude constraint addresses the issue that a morphed geometry may have a service ceiling below 41,500 ft.
The design variables follow the concepts of Raymer's "basic six"; five of these -wing loading, aspect ratio, sweep, thickness to chord, and thrust-toweight -were the variables. Morphing was considered possible during the outbound cruise, loiter, dash, and return cruise segments. Morphing was also considered possible during takeoff and landing, but one variable represented morphing for these segments (the shape during takeoff is the same as the shape during landing). Table 1 above summarizes the variables for this mission. The "basic variables" are applied during any mission segment for which morphing is not specified. For instance, the basic values of W/S, AR, t/c and Λ describe the shape of the wing during the two climb segments. Similarly, since only (W/S) TOL is described as a morphing variable for takeoff and landing, the remaining basic variables (AR, t/c and Λ) are used during takeoff and landing segments. This results in 22 design variables.
The use of optimization for this morphing aircraft investigation is not the first application for optimal aircraft sizing. Several efforts have combined sizing American Institute of Aeronautics and Astronautics codes with optimization algorithms. Refs. 10 and 11 present just two of these applications; these two efforts used gradient-based approaches (sequential quadratic programming and the method of feasible directions).
RESPONSE SURFACE APPROXIMATION APPROACH
Generally, the aircraft sizing problem has a smooth, unimodal design space when the design variables are continuous. Because an iterative sizing code is used, there is some noise introduced to the design space due to the sizing code's convergence tolerance. Therefore, a response surface approximation approach was investigated as a possible solution technique. The response surfaces were constructed and the approximate optimization was attempted using the software package iSIGHT.
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The iSIGHT software uses a design of experiments approach to generate data points that can be fitted to a surface that approximates the response predicted by the actual analysis routine. However, when running the necessary experiments to size morphing aircraft, there were numerous occurrences of aircraft that could not be sized. As a result, the design of experiments usually produced a very poor approximation to the design space, and a search of the resulting response surface provided a poor aircraft design. Often, this resulting design had a gross weight much higher than several designs evaluated while conducting the experiments needed to generate the response surface.
There are at least two reasons for the large number of "unsizable" aircraft. First, the sizing code's iterative approach to solve for the takeoff gross weight of the aircraft can become unbounded.
This situation corresponds to an aircraft design that cannot carry enough fuel to complete the mission, so the estimate of takeoff gross weight increases over successive iterations. Second, because the aircraft geometry can morph from one segment to another, it is possible for the aircraft to morph "outside" of its flight envelope. For instance, the aircraft may climb to the specified 41,500 ft altitude, then the wing area, aspect ratio, sweep, and thickness to chord may change into a configuration for which 41,500 ft is above the ceiling of the aircraft. Obviously, an operational morphing aircraft would avoid this situation, but in the process of finding search directions and exploring the design space, this appears to be a fairly likely occurrence.
GENETIC ALGORITHM APPROACH
Because of these difficulties with non-converging aircraft evaluations, a genetic algorithm (GA) was adopted as the search method. The coding for the GA was developed at Purdue and was readily available, allowing rapid implementation of this approach. Several references present details about genetic algorithms and their applications.
Reference 13 presents a good introduction for those with little or no background in the area.
The genetic algorithm, as its name implies, follows properties displayed by natural populations. Beginning with a population of possible designs, the designs that are closer to optimal or "more fit" are selected to "survive". Surviving designs can then act as "parents" and pass along design traits (or "genes") to "child" designs in a crossover process. With rare occurrence, the genes describing a design in the population may undergo a mutation. If the resulting design with the mutated trait is a high fitness design and can survive the selection process, then this newly introduced trait will be passed along to the next set of child designs. If the resulting design is poor, the individual with the mutation will not survive and the trait will be removed from the population. Over successive generations, this selection, crossover and mutation act to improve the population as a whole, and the best design encountered can serve as the optimal solution.
The GA performs a non-gradient, global search, so if morphing variables introduce local minima, the search would not halt at these designs. The performance constraints were enforced using exterior penalty functions, as is commonly done for GA-based searches. The non-convergent aircraft cases were handled by assigning these aircraft arbitrarily large takeoff gross weight values, which allows the GA to proceed with its search. One drawback of this approach is that the search is computationally expensive.
The genetic algorithm was first used to generate a fixed-geometry aircraft design. This GA-generated design should represent the lowest takeoff gross weight aircraft that could complete the mission shown in Figure 1 . Only five design variables appear in this problem formulation; thrust-to-weight, wing loading, wing aspect ratio, wing thickness-to-chord, and wing sweep.
This formulation avoided non-converging aircraft issues introduced by the morphing variables, and the GA fairly quickly generated solutions. The GA was run several times to assess the repeatability of the approach. All the resulting designs were very similar. This aircraft has a predicted takeoff gross weight of 30,706 lb. Table 2 includes the design variable values for the fixed geometry aircraft. The planform in Figure  2 suggests possible concerns with this design. For one, the combination of high AR and high Λ results from the expected compromise between the high-altitude, long endurance requirements and the low-altitude, highspeed dash requirements. However, this wing appears likely to encounter flutter. For even the fixed geometry aircraft, the parametric wing weight equation is problematic in properly predicting the weight for a wing needed by an aircraft to perform dissimilar segments in a single mission. To begin investigating the morphing as an independent variable formulation with the GA, very wide bounds were used for each variable. Even with the non-convergence handling, in initial populations of the GA there were often so many non-convergence cases that many of these actually passed through the selection operator, and the GA was unable to find improved designs. A strategy to update the variable bounds over a few sequential GA runs was needed to obtain results. By narrowing the initial design space, there were fewer non-convergence cases and the search could progress. In the strategy to update the bounds, the fixed geometry design in Table 3 provided a starting point; the basic variables were allowed to vary ±25% from this fixed geometry design. The morphing variables were generally given slightly wider bounds, but the values assigned to upper and lower limits were based largely on experience gained during the initial carpet plot investigations of Ref. 8 . Table 3 presents the initial bounds on the design space. The variation column indicates the increase or decrease from the fixed-geometry design. Using the bounds of Table 3 , the GA generated a solution to the morphing aircraft design problem. Eighty-three generations were evaluated to reach this first solution, which meets the performance constraints at a lower gross weight than the fixed-geometry design. The design variables of this solution appear in Table 4 . Several variables are listed in italic font to indicate that these are at an upper or lower variable bound. Further improvement may be possible by moving the bounds associated with these variables. The values of sweep during loiter and dash, however, are at values considered to be absolute lower and upper limits, respectively, so these bounds were not updated.
The remaining variable bounds were updated using the design of Table 4 as the "center" of the design American Institute of Aeronautics and Astronautics space, and another GA run searched to minimize gross weight of the morphing aircraft. This process was repeated four times, which corresponds to five iterations of a genetic algorithm run with updated bounds. As before, several runs of the GA were conducted every "iteration", and slightly different results were obtained as is expected from the random features within the GA search. The lowest takeoff gross weight design from each of these runs was used as the center point to define the next set of variable bounds. For the last iteration, the number of bits used to represent each design variable was increased to six, which provides greater resolution between adjacent values of the discretized design variables. Several runs of the GA were conducted using the final set of variable bounds presented in Table 5 . The best design found using the bounds of Table 5 resulted after 125 generations of the GA. The design variables of this "best" morphing aircraft appear in Table 6 ; the values of the "morphing variables" describe the wing geometry during different segments of the design mission. For any mission segment without a corresponding morphing variable (e.g. climb), the geometry is described by the basic variables (presented without subscripts in Table 6 ).
Important performance metrics of the morphing aircraft appear in Table 7 . The aircraft takeoff parameter 14 is used to enforce the takeoff distance performance constraint; a takeoff parameter less than or equal to 115 corresponds to a takeoff distance less than or equal to 5,500 ft. The dash Mach number slightly exceeds the lower limit of 0.875.
The takeoff gross weight of the best morphing aircraft is 7.7% lower than that of the best fixedgeometry aircraft (28,355 lb vs. 30,706 lb). Because a fixed wing aircraft can complete the mission (as predicted by the analysis tools used here), a reduction in takeoff gross weight is one measure of the improvement available via a morphing aircraft. Additionally, the morphing aircraft has a lower thrust-to-weight ratio (12% lower than the fixed-geometry aircraft) and a correspondingly lower installed thrust requirement (19% lower total installed thrust). This reduction in engine size implies a lower cost engine to complete the same mission. [ft] 41,500
The morphing as an independent variable approach also provides results that can be interrogated to determine which variables appear to be important for morphing and to indicate the amount of morphing required for the optimal aircraft. Figure 3 presents scaled planform sketches of the aircraft with the wing for the loiter configuration and for the dash configuration; in these two sketches, the changes in wing area, aspect ratio, and sweep are evident as the aircraft changes from the loitering shape to the dash shape. For the present studies, only the wing can morph its geometry; the tail surfaces are sized using a tail volume coefficient approach that uses the wing geometry associated with the basic design variables (i.e. the climb geometry for this study). Currently, issues with tail size and stability have not been addressed. Table 8 restates the wing morphing variables. In this table, the amounts of morphing are more apparent. For the design mission used in this study, morphing of the wing area, aspect ratio, and sweep appear to be fairly significant, particularly to meet the dash requirements. Also appearing in Table 8 are the predicted wing weights associated with wing geometry during each of the mission segments. In the sizing approach for the morphing aircraft, the wing weight is predicted with a parametric weight equation using the wing geometry during each mission segment. The design load factor for a morphing aircraft can also vary among the mission segments; for example, when the aircraft is in a long endurance configuration, there is little chance that a high-g maneuver would be required. For this investigation, the dash phase used a design load factor of 3g; the climb, cruise, takeoff and landing segments, 2.5g; and loiter segment 2.0g. While these values are somewhat arbitrary, this variation of load factor reflects the lower demand on maneuver capability during the loiter configuration. The design variables describing the optimal morphing aircraft result in predicted wing weights that are nearly equivalent for all mission segments. Further investigation of the empty weight and performance predictions illustrates why these values were selected. The thickness to chord ratio for the wing is just below 12% for most of the mission segments, but it is reduced to 9.3% during loiter and increases to 13.8% during dash. These values appear to be counterintuitive. During loiter, when the wing has a high aspect ratio, one would expect that a high t/c value could reduce the empty weight of the wing. In this American Institute of Aeronautics and Astronautics example, the dash segment has the highest predicted wing weight, so wing weight for the aircraft uses the 1802 lb prediction as the "base" wing weight plus the weight approximations for morphing mechanisms. This suggests that the loiter geometry may be driven more by aerodynamic efficiency to reduce fuel weight, because wing empty weight is not a concern for this segment. To reduce drag during loiter, common practice suggests increasing the aspect ratio to mitigate induced drag. However, increasing the aspect ratio above 15.2 would increase the morphing mechanism weight estimate above that currently associated with the morphing wing, because this aspect ratio is also used during most other mission segments. Reducing the parasite drag of the wing provides another option to reduce drag during loiter. In the modeling approach used for this study, the form drag estimate for the wing depends heavily on t/c, but there is no morphing mechanism weight associated with t/c. As a result, the t/c can be reduced as long as the base wing weight prediction for the loiter segment does not exceed that predicted for other mission segments.
For this morphing aircraft, a thickness-to-chord ratio of just above 9% provides this result.
While the high sweep during the dash segment might be expected, the thickness-to-chord ratio increases during the dash segment; this also seems counterintuitive, because reducing t/c reduces wave drag. However, the ability to morph the geometry, combined with the modeling approaches used to predict weight and performance of the aircraft, led to this result. The drag model in this work relies upon an estimate of the airplane's drag divergence Mach number; M DD indicates the Mach number at which wave drag becomes significant. To limit the effect of compressibility drag, an aircraft generally flies near or below M DD . During the dash segment, less drag is encountered if the required dash speed is not significantly above M DD . A common definition assigns M DD to the Mach number at which the wave drag equals 20 counts; using this definition, Raymer 14 provides a graphical relationship of M DD as a function of Λ and t/c. If this graphical relationship is fit to a polynomial surface, the resulting equation is: 
The aircraft described in Table 6 has a predicted M DD of 0.861 during the dash segment, which means that the dash velocity (M = 0.875) only slightly exceeds M DD . Using the equation above, it is possible to determine multiple combinations of sweep and thickness-to-chord that correspond to the same drag divergence Mach number. Predicted wing weight, which is also a function of Λ and t/c (see Equation 1 ). Table 9 presents combinations of Λ and t/c that result in the same M DD but also have varying predicted wing weights. Using Equation 1 to predict the base wing weight, the lowest base weight wing for the dash segment corresponds to nearly maximum sweep and a t/c of 13.8%. One important caveat is that the wing weight estimator is correlated to jet transports, which generally have sweep angles between 25º and 35º, so the wing weight prediction may be less realistic outside this range. The aspect ratio also changes for the wing during dash, but the value during dash of 9.1 -while lower than the 15.2 for other mission segments -appears large for a high-speed aircraft. A morphing mechanism weight estimation is based upon the change in aspect ratio from the largest to the smallest value over the entire mission. A larger change will increase the empty weight of the wing. Additionally, the design load factor imposed for the dash segment was only 3g, and the Mach number requirement is high transonic. This corresponds to capabilities of business jets, like the Citation X, whose wing geometry is not too dissimilar from that of the morphing aircraft's wing during dash.
In summary, for the mission presented in Figure 1 , which combines a high-speed dash with a high-altitude, long-endurance loiter, a morphing aircraft that can change wing area from 263 to 421 ft 2 , aspect ratio from 9.1 to 15.2, sweep from 15º to 45º, and thickness-tochord ratio from 0.093 to 0.138 provides the lowest takeoff gross weight aircraft. This morphing aircraft has a predicted takeoff gross weight of 28,355 lb, nearly 8% below the predicted W TO of a fixed-geometry aircraft sized to perform the same mission (30,706 lb). The results are mission-specific and do not suggest the amount or type of morphing needed for other multi-role missions. Additionally, the design and morphing American Institute of Aeronautics and Astronautics variable values obtained using the morphing as an independent variable approach reflect the modeling approaches used to predict the weight and performance of the aircraft. Different models and predictorsparticularly those for the wing and morphing mechanism weights -will likely lead to different solutions. However, the approach to generate an aircraft design using morphing variables in an optimization problem appears successful.
FUTURE WORK
The work described above has begun to demonstrate an approach to investigate morphing aircraft using optimization. However, additional work is needed in three general areas. The first addresses needs associated with the sizing code used to predict the size and performance of a morphing aircraft. The second focuses on issues surrounding optimization of morphing aircraft configurations and identifies areas for improvement. The final section offers suggestions for future morphing aircraft mission development.
SIZING NEEDS
Wing geometry and weight play a key role in aircraft sizing; the exterior shape directly affects aerodynamic performance, and the shape of the wing greatly affects the empty weight of the wing structure. Appropriately modeling these effects on the size and performance of an aircraft is always important, but this increases for a morphing aircraft. A morphing wing is intended to perform widely dissimilar tasks, like the combination of the high-speed dash and the highaltitude, long-endurance loiter of the example mission. Existing fixed geometry aircraft designed for each of these tasks likely fall into different aircraft categories, which complicates the selection of an appropriate parametric weight equation. A transport wing weight equation appeared to be the most versatile existing empirical formulations and, therefore, provided estimates for these initial investigations. However, many morphing wing configurations still fall outside the bounds defined by transport wing weight equations. In the example described above, the wing sweep during dash probably lies outside the database used to generate the parametric transport aircraft wing weight equation. A parametric wing weight equation constructed for fighter aircraft may have better addressed the high sweep but would poorly handle the high aspect ratio. Thus, a need exists for parametric weight equations developed specifically for morphing wings, because parametric equations allow rapid estimation of the empty weight during the sizing process.
One approach might be to build a database of finite element models using different types and magnitudes of wing shape changes. These FEM wing designs could be completed to address strength and displacement concerns, and the results from these models could then become the basis for new empirical equation(s). Alternatively, a more theoretical formulation could be developed based on bending strength, flexural stiffness and torsional stiffness. A combination of these two approaches might work well, where the basic equation is based upon strength and stiffness calculations, and coefficients and exponents are based upon results of the numerical experiments. Clearly, more effort is needed to develop parametric morphing wing weight equations.
Another wing-weight related challenge and opportunity for future research is the prediction of morphing actuator weight. Since morphing devices are still in development, no precise weight estimates are available. The current approach uses a multiplier of five pounds per square foot total change in wing area (e.g. if the wing morphs so that the difference between the largest and smallest wing area is 100 ft 2 , the morphing mechanism is assumed to weigh 500 lb). The morphing mechanism weight associated with a change in aspect ratio multiplies the "unique" wing area by five pounds per square foot. Here, unique area is planform area that is not shared between wings of two different aspect ratios.
Currently, there is no morphing mechanism weight associated with a change in thickness-to-chord. Additionally, the current effory does not address morphing the geometry of aircraft components other than the wing. First, changes in wing geometry impact such factors as the location of the neutral point, the center of gravity, and the wing's pitching moment. These factors are usually used to determine appropriate tail geometry, so as the wing changes, the tail should also change. Second, the variation in flight velocity typical of multi-role missions suggests a need for variable tail sweep, so that the wave drag on the tail does not limit the high-speed capability of the aircraft. Third, other aircraft components could also benefit from morphing. The engine inlet and nozzle are fairly obvious candidates for morphing. Even morphing the fuselage can provide improved performance; perhaps wetted area could be reduced as fuel is expended and / or payload dropped during the mission.
OPTIMIZATION NEEDS
The genetic algorithm approach with successively decreasing variable bounds is a first attempt at searching a morphing aircraft design space. One of the challenges faced was the large number of variable American Institute of Aeronautics and Astronautics combinations within the design space that do not allow for sizing code convergence. To avoid this problem, small subspaces were searched, and the bounds were moved until the "optimum" design was bracketed. While this approach utilized the GA's search capability and allowed non-convergence cases to be handled without halting the search, this approach did not take advantage of its global search capabilities, because of the limited search areas imposed by these variable bounds. An alternative approach to searching design spaces cluttered with non-functional designs would be to utilize re-parenting. This approach would retain the global nature of the GA search and eliminate the need for iteratively adjusting design space bounds.
With better knowledge of the design space and a revised problem statement, it might be profitable to revisit the choice of optimization algorithm. Many combinations of morphing variables for which the sizing code does not converge describe a morphing aircraft that, when changing shape from one mission segment to the next, morphs out of the flight envelope. For instance, the aircraft shape during a mission segment allows for the prescribed flight condition of a given mission segment, but the aircraft may be flying above its ceiling in the subsequent mission segment following the shape change described by the morphing variables. The problem formulation may be better addressed if the sizing code were able to compute a gross weight associated with this aircraft and measure the specific excess power of the aircraft during each flight condition. With this new approach, a case currently resulting in a non-convergent run of the sizing code would instead provide information about the objective function (gross weight) and information that could be used to enforce a constraint that the specific excess power must be greater than or equal to zero for all mission segments. This would greatly reduce the number of non-convergent cases, which might allow for a more global search using a GA or might even allow the use of a gradient-based search technique.
MISSION NEEDS
Mission development remains the key to exploiting morphing technology. The effort here only examined the morphing aircraft mission depicted in Figure 1 . For this mission, the optimization approach generated a morphing aircraft design with a moderate improvement in takeoff gross weight over that of a fixed-geometry aircraft. Other missions may have more need for a morphing aircraft, while yet other missions may show that morphing is not important or too costly.
Even within a given mission, design requirements must be well defined not only at the mission segment level but also within each mission segment. For example, the load factor applied to each mission segment has a significant effect on the best wing geometry for that segment. Thus, it is important to carefully consider the types of maneuvers and loadings that may be necessary within each mission segment. Another important factor in determining wing geometry is the flight altitude. For non-morphing aircraft designs, a single altitude requirement for one of the mission segments strongly affects the overall design. However, when a wing can morph between mission segments, altitude requirements should be considered for every mission segment.
Similarly, morphing could be considered in a continuous manner, rather than the current representation that assumes an instantaneous shape change between mission segments and a static shape for the duration of the segment. A cruise-climb segment often allows fixed-geometry aircraft to obtain better range performance over a mission; rather than a cruiseclimb, a morphing aircraft could fly a "cruise-shrink" mission in which the altitude remains constant, but the wing area decreases. Careful consideration of these and other performance requirements within each mission segment will lead to aircraft missions that demonstrate the impact of morphing technology.
CONCLUSIONS
The application of an optimal search method allows for the "morphing as an independent variable" approach to result in an aircraft design description that includes how the wing geometry should change throughout a mission to, in this case, minimize the takeoff gross weight of the aircraft. For the mission examined here, the generated morphing aircraft design appears to have a benefit over a fixed-geometry aircraft measured by a lower takeoff gross weight. Additionally, the morphing aircraft has a smaller engine thrust requirement.
Using morphing variables appears to create multiple discontinuities in the aircraft sizing design space as evidenced by the large number of nonconvergence cases encountered during these investigations. These non-convergence cases appear to be largely caused by combinations of variables that represent an aircraft that would "morph" out of its flight envelope from one mission segment to a subsequent segment. Because of the discontinuities, a response surface approach was not able to successfully search the design space. These discontinuities could be handled by using a genetic algorithm with an adaptive bound approach. With a different problem formulation and better understanding of the design space, it may be
